ABSTRACT. We investigated associations between vitamin D receptor (VDR) gene polymorphisms, FokI T>C (rs2228570), BsmI G>A (rs1544410), ApaI G>T (rs7975232), and TaqI T>C (rs731236), with bone mineral density (BMD) in postmenopausal Mexican-Mestizo women. Three hundred and twenty postmenopausal women participated, who were classified according to World Health Organization criteria as non-osteoporotic (Non-OP; N = 88), osteopenic (Opn; N = 144), and osteoporotic (OP; N = 88). BMD measurements at the lumbar (L1-L4) spine and at the left and right femoral neck were obtained by dual-energy X-ray absorptiometry. Single nucleotide polymorphisms (SNPs) were genotyped using real-time polymerase chain reaction and TaqMan probes. Genotype and allelic frequencies of the 4 VDR SNPs were similar among the 3 groups. Polymorphic allele frequencies were as follows: FokI (C) 0.53, 0.49, 0.56; BsmI (A) 0.26, 0.22, 0.23; ApaI (T) 0.43, 0.39, 0.44; TaqI (C) 0.27, 0.22, 0.23 for the Non-OP, Opn, and OP groups, respectively. Although no associations were found between the SNPs and BMD, based on the putative function of the FokI SNP, we constructed, for the first time, the haplotype with the 4 VDR SNPs, and found that the CGGT haplotype differed between the Non-OP and OP groups (21.8 vs 31.8%, P < 0.05). The risk analysis for this haplotype was nearly significant under the dominant model (OR = 1.783, 95%CI = 0.98-3.25, P = 0.058). This result suggests a possible susceptibility effect of the C allele of the FokI SNP for the development of osteoporosis in postmenopausal Mexican-Mestizo women.
INTRODUCTION
Osteoporosis (OP) is a complex disease mediated by the interaction of environmental factors and genes that can individually affect bone mineral density (BMD). This disease is a public health problem that affects postmenopausal women and predisposes them to an increased risk of osteoporotic fractures. OP is associated with considerable morbidity and mortality, particularly in older women (Anonymous, 2010) . It is estimated that 46-62% of BMD variation can be attributed to genetic factors, including variations in expressions of different candidate genes encoding proteins such as calciotropic hormones, cytokines, growth factors, bone matrix proteins, and growth factor receptors, which all participate in bone metabolism and in the pathogenesis of OP (Gronholz, 2008; Marini and Brandi, 2010) . The vitamin D receptor (VDR) gene has been extensively studied in relation to BMD, with inconsistent results reported for different populations around the world (Thakkinstian et al., 2004; Zintzaras et al., 2006; Cashman and Seamans, 2007; Marini and Brandi, 2010) . The VDR gene, also known as the 1,25-dihydroxy vitamin D3 receptor, is located on chromosome 12q13.11, is 75 kb in size, and is composed of 11 exons. Exons 2 and 3 encode the amino acids involved in DNA binding, and exons 7, 8, and 9 are implicated in vitamin D binding. The VDR protein is a member of the superfamily of nuclear receptors that function as transcription factors (OMIM, 2012) . The VDR gene contains many single nucleotide polymorphisms (SNPs), although FokI T>C (rs2228570), BsmI G>A (rs1544410), ApaI G>T (rs7975232), and TaqI T>C (rs731236) are the most widely SNPs studied of this gene (Zintzaras et al., 2006) . The FokI polymorphism is a T/C transition at the translation initiation site of exon 2 in the 5' coding region of the VDR gene. This change creates a new start codon (ATG to ACG) resulting in a peptide that is shorter by 3 amino acids (427 compared with 424), which has higher transcriptional activity compared with the full-length vitamin D receptor protein (Alimirah et al., 2011; OMIM, 2012) .
The prevalence of OP in postmenopausal Mexican women varies between 8.3 and 19.8%, depending on geographic region (Murrillo-Uribe et al., 1999; Guzmán Ibarra et al., 2003; Mendoza-Romo et al., 2003; Sen et al., 2005; González-Arellano et al., 2007) , and we recently found a prevalence of 25% in Western Mexico (González-Mercado A, SalazarPáramo M, Celis A, Gámez-Nava JI, et al., unpublished results). In the general Mexican population, the OP prevalence is between 9.7 and 17.9% (De Lago Acosta et al., 2008; Tamayo et al., 2009) . Two studies related to VDR and OP in postmenopausal women in Mexico has been conducted to date. Jaramillo-Rangel et al. (1999) investigated the association using the BsmI, ApaI, and TaqI polymorphisms in 98 Mexican women over 25 years of age from Mexico City (79 postmenopausal), and did not find any association of these SNPs with BMD. The second study, conducted by Lisker et al. (2003) , focused on the BsmI and FokI polymorphisms in postmenopausal Mexican women (65 with OP and 57 without OP), and found higher frequencies of the bb (GG) genotype of BsmI (the wild-type allele) in the OP group, suggesting a susceptibility role of allele b for OP.
The aim of the present study was to analyze the associations between the FokI T>C, BsmI G>A, ApaI G>T, and TaqI T>C polymorphisms and haplotypes of the VDR gene with BMD in Mexican-Mestizo postmenopausal women from Western Mexico.
MATERIAL AND METHODS

Subjects
Three hundred and twenty postmenopausal Mexican-Mestizo women from Western Mexico were included in the study, which were recruited from the Hospital General Regional No. 110 of the Instituto Mexicano del Seguro Social in Guadalajara city. They were classified into 3 groups, according to World Health Organization criteria, based on BMD measurements at the lumbar (L1-L4) spine: 88 non-osteoporotic women (Non-OP; t score > -1 SD), 144 osteopenic women (Opn; t score between -2.5 and -1 SD), and 88 OP women (t score < -2.5 SD). The groups were similar in age and body mass index (BMI) (P > 0.05; Table 1 ). BMD measurements at the lumbar (L1-L4) spine and at the left and right femoral neck were obtained by an individual trained in dual-energy X-ray absorptiometry (Prodigy Advance, GE) following manufacturer protocols. A structured questionnaire assessing biological and lifestyle risk factors was completed by each subject, who all signed an informed consent form. The protocol was approved by a local Ethics Committee.
Genotyping
Genomic DNA was isolated from peripheral blood leukocytes and DNA extraction was performed using the salting out precipitation method (Miller et al., 1988) . The VDR SNPs, FokI T>C (rs2228570), BsmI G>A (rs1544410), ApaI G>T (rs7975232), and TaqI T>C (rs731236), were genotyped using a TaqMan 5'-exonuclease SNP allelic discrimination assay with the ABI 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Negative and positive controls were included to ensure accuracy of genotyping. The reactions were carried out in a total volume of 15 µL containing 50 ng DNA. The thermal cycler conditions consisted of an initial hold for 10 min at 95°C, followed by 40 cycles of 15 s at 92°C, and 1 min at 60°C each.
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Statistical analyses
Differences between the Non-OP, Opn, and OP groups in age, BMI, menopause or menarche status, BMD (lumbar spine L1-L4 and left and right femoral neck), personal history of fractures, presence of pathologic fractures, family history of OP and fractures, alcoholism, smoking, coffee intake, and sedentarism of subjects were analyzed by the Student t-test and the chi-square test using SPSS version 16.0 (SPSS Inc., Chicago, IL, USA). P values <0.05 were considered to be statistically significant.
The frequency distributions of VDR genotypes and alleles in Non-OP, Opn, and OP postmenopausal women were compared for each SNP studied using the chi-square test. Hardy-Weinberg equilibrium (HWE) was tested in each SNP and group of participants using the chi-square test.
The relationship of VDR genotypes with age, weight, height, BMI, menopause, menarche, and BMD (lumbar spine L1-L4 and left and right femoral neck) variables were tested by analysis of variance (ANOVA) in the Non-OP, Opn, and OP groups. An odds ratio (OR) analysis was performed using the Cochran Armitage test under classical inheritance patterns, considering the polymorphic alleles FokI C, BsmI A, ApaI T, and TaqI C as risk alleles between Non-OP and OP groups. The D' values of linkage disequilibrium (LD) and the haplotypes of the VDR SNPs were assessed using the Arlequin program version 3.01. An ANOVA was also performed to investigate the relationship between the haplotypes and the quantitative variables.
RESULTS
The age, BMI, and BMD of the Non-OP, Opn, and OP postmenopausal MexicanMestizo women included in the study are shown in Table 1 . It is noteworthy that the BMI of the 3 groups are considered to be overweight according to the World Health Organization classification. As expected, the OP group showed the lowest BMD values, and BMD values were higher in the lumbar spine than in the femoral neck in all 3 groups (Table 1) . No statistically significant differences were observed among the 3 groups with respect to menopause, menarche, personal history of fractures, presence of pathologic fractures, family history of OP and fractures, alcoholism, smoking, coffee intake, or sedentarism. No statistically significant differences were revealed in the genotype and allele frequencies of the 4 SNPs of the VDR gene among the Non-OP, Opn, and OP postmenopausal women groups (Table 2 ). Distributions of genotype frequencies for all 4 SNPs were in HWE. Non-OP = non-osteoporotic; Opn = osteopenic; OP = osteoporotic; P = NS for genotypic and allelic frequencies between the three groups (chi-square test). Table 2 . Genotypic and allelic frequencies of the VDR SNPs in the non-osteoporotic, osteopenic, and osteoporotic postmenopausal women studied.
ANOVA revealed that the genotypes of the 4 SNPs studied were not associated with age, BMI, menopause, and BMD in the 3 groups (P > 0.05). We only found statistically significant differences for ApaI in the Opn group between the GG and GT genotypes for menarche (GG 12.51 ± 2.28; GT 13.45 ± 1.65 years, P = 0.024); however, this observation needs further investigation.
The association analysis for all VDR alleles was not found to be significant using any of the classical inheritance models (dominant, recessive, codominant, or additive). We found evidence of strong LD (D' > 0.5) within BsmI-ApaI, BsmI-TaqI, and ApaI-TaqI in the 3 groups, which is in agreement with results of Fang et al. (2005) .
Considering the 3 VDR SNPs in LD, we observed 8 possible haplotypes, with GGT and ATC being the most common among the 3 groups with similar frequency distributions (Table 3 ). In particular, the ATC haplotype showed statistically significant distribution between the Non-OP and Opn groups (P < 0.05), as did the AGC haplotype, since it was only observed in the Opn group (P < 0.05) ( On the other hand, we found that the FokI SNP was not in LD with BsmI, ApaI, and TaqI, which is in agreement with results of previous studies (Fang et al., 2005) . However, considering the functional role of the FokI polymorphism, we also included this site in the construction of the haplotypes, and observed that 13 of the 16 possible haplotypes showed no statistically significant differences among the 3 groups using a pairwise distribution test (Table  3) , with the TGGT and CGGT haplotypes being the most common. The frequency of the TGGT haplotype differed significantly between the Opn and the OP groups (34.7 vs 22.9%, P < 0.05) and the CGGT haplotype also differed significantly between the Non-OP and the OP groups (21.8 vs 31.8%, P < 0.05). In addition, the frequency of the CATC haplotype differed significantly between the Non-OP and the Opn groups (13.8 vs 5.9%, P < 0.05), and the CAGC haplotype differed between the Opn group and the Non-OP and OP groups, as it was only observed in the Opn group (5.6%) ( Table 3 ).
The OR analysis of the haplotypes did not reveal any statistically significant association with OP. However, we observed a marginally significant P value for the CGGT haplotype using the dominant model (OR = 1.783, 95%CI = 0.98-3.25, P = 0.058). Considering CGGT as the risk haplotype, we performed ANOVA, including all variables described in the Material and Methods section, in the 3 groups individually as well as in the total sample (N = 320) and found no significant results.
DISCUSSION
OP is a multifactorial disease with a large genetic component that represents a worldwide public health problem. VDR polymorphisms have been among the most widely SNPs studied in OP. In particular, BsmI has shown inconsistent results with respect to its association with BMD (Thakkinstian et al., 2004; Zintzaras et al., 2006; Li et al., 2012; Jia et al., 2013; Qin et al., 2013) .
We analyzed the FokI, BsmI, ApaI, and TaqI polymorphisms of the VDR gene in postmenopausal Mexican-Mestizo women, and results showed that genotypic and allelic frequencies were similar between the Non-OP, Opn, and OP groups. This suggests that there is no association between these VDR SNPs with OP in this Mexican population. This lack of association was also observed in a recent meta-analysis (Qin et al., 2013) .
In regard to other studies performed in Mexican populations, allelic frequencies of BsmI, ApaI, and TaqI SNPs in postmenopausal women of the present study were similar to those observed by Jaramillo-Rangel et al. (1999) in postmenopausal women from the central region of Mexico. However, we cannot completely discard an association of VDR SNPs with BMD in Mexican postmenopausal women from another region of the country, since several studies have demonstrated ethnic and genetic diversity in distinct regions of Mexico (RubiCastellanos et al., 2009; Silva-Zolezzi et al., 2009 ). On the other hand, comparing our results with those reported by Lisker et al. (2003) reveals statistically significant differences in the frequencies of the A allele for BsmI in the Non-OP group (0.261 compared to 0.561, respectively, P < 0.0001) and in the OP group (0.227 compared to 0.358, respectively, P = 0.013); a protective role against OP was proposed for this allele by Lisker et al. (2003) . Results of Jaramillo-Rangel et al. (1999) , Lisker et al. (2003) , and the present study in Mexican populations suggest that the role of a specific allele can be different depending on genetic background and lifestyle, as has been observed in other multifactorial diseases.
The relationship between genotype and BMD was similar across the 3 skeletal sites (lumbar spine, left and right femoral neck) in the Non-OP, Opn, and OP groups; however, in the OP group, a discrete difference in the BMD of the lumbar spine between the TT and TC FokI genotypes could be observed (TT: 0.863 ± 0.048, TC: 0.825 ± 0.048; ANOVA, P = 0.057, Bonferroni's correction, P = 0.057), which suggested that statistically significant differences might be observed with a larger sample size.
The OR analysis with the 3 linked SNPs, BsmI-ApaI-TaqI haplotype, was not associated with OP; however, for the first time, we constructed complete haplotypes that included all of the alleles, FokI T>C, BsmI G>A, ApaI G>T, and TaqI T>C, because the VDR protein from the polymorphic C allele of FokI has higher transcriptional activity on target genes in response to vitamin D when this shorter peptide is compared with the full-length VDR isoform (Alimirah et al., 2011) .
We found that only the CGGT haplotype differed between the Non-OP and OP groups (21.8 vs 31.8%, P < 0.05), and in the risk analysis, we observed an OR of 1.783 for this haplotype (95%CI = 0.98-3.25, P = 0.058) using the dominant model. As these data are nearly significant, this may suggest a possible susceptibility effect that could be attributable to the C allele of the FokI SNP. We believe that the effect of the CGGT haplotype on the susceptibility of the development of osteoporosis in postmenopausal Mexican-Mestizo women could be better clarified with a larger sample.
